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The Structure of the RlmB 23S
rRNA Methyltransferase Reveals a New
Methyltransferase Fold with a Unique Knot
essential for the maturation of the mitochondrial large
ribosomal subunit [6]. Recently, it has been demon-
strated in E. coli that methylation of the ribose of G2251
in 23S rRNA is performed by the protein RlmB (formerly
YjfH) [7]. However, unlike its yeast homolog, RlmB is
Gurvan Michel, Ve´ronique Sauve´,
Robert Larocque, Yunge Li, Allan Matte,
and Miroslaw Cygler1
Biotechnology Research Institute
National Research Council of Canada and
Montreal Joint Centre for Structural Biology not essential for the growth of E. coli. The knockout
of rlmB showed no visible effects on cell viability orMontreal, Quebec H4P 2R2
Canada ribosome maturation under normal growth conditions
[7]. Nevertheless, the presence of this gene might be
necessary for growth under some conditions of stress.
For example, several rRNA methyltransferases are in-Summary
volved in antibiotic resistance. These include the 23S
rRNA adenine methyltransferases from the Erm family,In Escherichia coli, RlmB catalyzes the methylation
which are responsible for macrolide-lincosamide-strep-of guanosine 2251, a modification conserved in the
togramin resistance [8], the 16S rRNA methyltransferasepeptidyltransferase domain of 23S rRNA. The crystal
FmrO from Microspora olivasterospora, which is in-structure of this 2O-methyltransferase has been de-
volved in fortimicin A resistance [9], and the proteinstermined at 2.5 A˚ resolution. RlmB consists of an N-ter-
AviRa and AviRb from Streptomyces viridochromo-minal domain connected by a flexible extended linker
genes, two rRNA methyltransferases required for resis-to a catalytic C-terminal domain and forms a dimer in
tance to avilamycin [10]. RlmB also shares some se-solution. The C-terminal domain displays a divergent
quence similarities with a 2O-methyltransferase frommethyltransferase fold with a unique knotted region,
two species of Streptomyces, a protein that renders theand lacks the classic AdoMet binding site features.
ribosome resistant to the antibiotic thiostrepton [11].The N-terminal domain is similar to ribosomal proteins
Therefore, RlmB may play a specific role in preventingL7 and L30, suggesting a role in 23S rRNA recognition.
inhibition by certain antibiotics.The conserved residues in this novel family of 2O-
Methyl transfer to nitrogen, oxygen, or carbon is oftenmethyltransferases cluster in the knotted region, sug-
catalyzed by a class of enzymes using the ubiquitousgesting the location of the catalytic and AdoMet bind-
cofactor AdoMet. Structures of several AdoMet-depen-ing sites.
dent methyltransferases, including those specific for
DNA or RNA [8, 12–15], small molecules [16, 17], or
Introduction proteins [18–20], have been determined. Based on se-
quence and structural comparisons, several features are
The synthesis and assembly of components of the ribo- common to almost all known AdoMet-dependent meth-
some is a highly coordinated event, which occurs with yltransferases [18, 21]. These proteins have a common
the assistance of numerous processing and modifying fold for their catalytic domain, the /methyltransferase
enzymes. In particular, maturation of the functional ribo- fold, which is reminiscent of the Rossmann fold. Al-
some involves the posttranscriptional modification of though the overall sequence similarity among these en-
several conserved nucleotides in rRNA. Three different zymes is low, they share several sequence motifs that
types of modification have been identified: conversion of constitute a conserved AdoMet binding site. The only
uridine to pseudouridine (5--D-ribofuranosyl, ), base known exception is cobalt-precorrin-4-methyltransfer-
methylation, and 2O-ribose methylation [1]. Among the ase, which both adopts a different fold and displays a
19 posttranscriptional modifications identified in E. coli novel AdoMet binding site [22].
23S rRNA, three are ribose methylations at the highly A study using sequence comparisons limited to the
conserved positions G2251, C2498, and U2552 in the genomes of E. coli, Haemophilus influenza, and Myco-
peptidyltransferase region of domain IV [2–4]. Guano- plasma genitalium [23] showed that RlmB belongs to a
sine 2251, which is located in the P loop, is of particular family of 14 RNA 2O-methyltransferases, including the
importance as it is involved in peptidyl-tRNA recogni- E. coli tRNA (Gm18) methyltransferase SpoU [24]. Three
tion. Indeed, in the structure of the H. marismortui large conserved sequence patterns, potentially involved in
ribosomal subunit [5], G2251 is Watson-Crick base catalysis and AdoMet binding, were identified in this
paired with one cytosine of a tetrahedral carbon interme- SpoU methyltransferase family: motif I (G/P/A-X-N-X-G-
diate-like inhibitor, which corresponds to cytosine C75 X3-R), motif II (h-V/L/I/M-h-G-X-E-G-V/L/I/M), and motifof peptidyl-tRNA. III (V/L/I/M-P-X6-S-V/L/I/M-N-V/L/I/M), where h is hy-Methylation of the ribose of G2270 in S. cerevisiae drophobic and X is any residue. Motif II was thought to
21S rRNA (equivalent to E. coli G2251) is catalyzed by be the AdoMet binding motif [23]. Recently, extensive
the Pet56 protein during the early stages of ribosome phylogenetic analysis provided evidence that the SpoU
assembly. This S-adenosyl-L-methionine (AdoMet)-depen- family shares a common evolutionary origin with three
dent enzyme also performs other functions which are
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other families, the TrmD family, comprising the bacterial ture with six parallel  strands, in the order 3, 2, 1,
5, 4, and 6, and is intertwined with  helices toTrmD tRNA Gm37 methyltransferase which prevents
translational frameshift [25], and two previously unde- form an // fold (Figure 1). Each layer of helices is
composed of a three-helix bundle, 4, C, and D, andtected families of hypothetical proteins specific to ar-
chaea and thermophilic bacteria, the AF2226-like and B, A, and E, respectively. This architecture resem-
bles the Rossmann fold. The domain has an asymmetricYbeA-like superfamilies, respectively [26]. Together,
these three families and the SpoU family showed striking shape, with a rounded back delineated by helices 4,
C, and D, and an almost flat frontal surface formedconservation in the region predicted to be the AdoMet
binding site (motif II) and were proposed to belong to a by the B, A, E helix bundle. The dimensions of this
domain are approximately 37  31  27 A˚.new class of AdoMet-dependent methyltransferases,
the SPOUT class, with a fold distinct from that of the The C-terminal domain contains a rare structural fea-
ture, a knot, giving this fold a unique character. Thisclassic methyltransferases [26].
Here, we report the first structure of a member of the knot was clearly visible in the initial MAD electron den-
sity map calculated at 2.5 A˚ resolution (Figure 3). Follow-SPOUT superfamily, the E. coli RlmB 23S rRNA Gm2251
2O-methyltransferase. This protein forms a dimer in ing the nomenclature of Taylor [28], this structure repre-
sents a deep knot. The knot is formed by a stretch ofsolution and lacks all of the previously identified methyl-
transferase sequence signatures. The protomer con- 30 C-terminal residues, beginning with the strand 6,
threading through an opening formed between the seg-sists of two domains connected by an extended linker.
The N-terminal domain is structurally similar to the ribo- ment 4-loop-5, near the tip of the loop (Gly176-
Thr181). This C-terminal threaded segment contains thesomal proteins L7 and L30, suggesting recruitment of
an ancestral fold adapted to 23S rRNA recognition. The loop between 6 and E (Ser215-Asn226) and the helix
E (Val227-Ser243). In the knot region, three loops pro-C-terminal domain adopts an / fold, divergent from
the consensus methyltransferase fold, with a unique trude from the C-terminal domain: the bridging loop
between 4 and 5, the knotted loop between 6 andknotted region. This domain lacks the structural features
of the canonical AdoMet binding site. Instead, the resi- E, and the loop between 5 and D (Gly196-Arg203).
Together, these loops outline a depression in the proteindues strictly conserved in the SpoU family cluster in the
knotted region, suggesting that the AdoMet binding site surface. In the MAD electron density map, a segment
of elongated density partially fills this cavity (not shown).is located within this unusual folding motif.
This density is observed in each of the eight independent
molecules and is the only significant density left unas-
Results signed. It most likely represents a noncovalently bound
small molecule. The crystals obtained in the presence
The Overall Structure of E. coli RlmB of 10 mM AdoMet or 10 mM S-adenosyl-homocysteine
The crystal structure of E. coli RlmB was determined by (HomoCys) also display similar density as the only signif-
MAD phasing [27] at 2.8 A˚ resolution using a single icant unassigned feature. However, at the resolution of
crystal of SeMet-substituted enzyme and refined against our crystals, we were not able to unequivocally identify
data collected to 2.5 A˚ resolution (Table 1). The asym- this molecule in the native structure, nor were we suffi-
metric unit contains eight copies of RlmB, designated ciently convinced to model it as AdoMet or HomoCys
A–H. In two molecules, E and G, the N-terminal domain using the data obtained from cocrystallization experi-
is disordered and was not modeled. The model also ments.
contains 177 water molecules in the asymmetric unit.
To facilitate the topological comparison with other meth-
yltransferases,  strands and  helices are labeled as RlmB Forms Dimers
The solubility of RlmB is highly dependent on ionicmuch as possible according to the nomenclature used
previously [21]. strength, with the protein precipitating readily at NaCl
concentrations below 500 mM. Dynamic light scatteringThe RlmB monomer (29 kDa) comprises two domains,
a small N-terminal domain (Met1-Lys75) connected by analysis at high ionic strength (1 M NaCl, 20 mM Tris-
HCl [pH 8.5], 5% glycerol, 5 mM DDT) indicates that aan extended linker (Pro76-Gln81) to a larger C-terminal
domain (Glu82-Ser243) with very few interdomain con- solution of RlmB (6 mg/ml) is monodisperse with parti-
cles of 85 kDa, corresponding to either a dimer or trimertacts (Figure 1). Although different in size and shape,
both domains have an overall / architecture (Figure of RlmB. In size exclusion chromatography, the protein,
concentrated to 12 mg/ml in the same buffer, elutes as1). The N-terminal domain consists of a four-stranded
 sheet and three  helices, forming a compact globular a single species of 60 kDa, consistent with the presence
of RlmB dimers in solution (expected size, 58 kDa).shape with dimensions of 28  20  18 A˚. The regular
/ succession results in a mixed  sheet with strand Each of the eight independent RlmB molecules forms
many intermolecular contacts with other molecules andorder A, D, B, and C, with D antiparallel to the
other strands (Figure 2B). This sheet is flanked on one their symmetry equivalents. These different protein-pro-
tein interfaces were investigated to identify the mostside by a two-helix bundle, 1 and 2, and on the other
side by the helix3. Whereas the-helical bundle covers likely dimers that are present in solution. The largest
contiguous contact surface, and the only one that isthe entire  sheet, the helix 3 lies along one edge of
the sheet, with the remaining surface of the  sheet utilized by each of the eight independent molecules, is
the face formed by the helix bundle B, A, and E fromexposed to solvent.
The C-terminal domain adopts a global / architec- the C-terminal domain. This face is relatively flat, as
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Table 1. Data Reduction and Phasing and Refinement Statistics
Peak Edge Remote High Resolution
Data collection
Wavelength (A˚) 0.9792 0.9796 0.9686 1.000
Resolution (A˚) 2.8 2.8 2.8 2.5
Total data 368,852a 367,648a 365,590a 286,761b
Unique data 98,478a 98,534a 97,973a 70,653b
Redundancy 3.75 3.73 3.73 4.06
Completeness (%) 99.7 (98.9)c 99.6 (98.5) 99.6 (98.7) 99.3 (98.3)
Mean I/(I) 16.2 17.3 16.0 23
Rsym (%)d 5.0 (27.6)c 4.7 (25.8) 5.3 (27.8) 6.1 (37.1)
Phasing (CNS)
Phasing power (centric/acentric) 2.53 (2.49) 3.10 (2.83) 2.26 (1.83)
RCullis (centric) 0.75 0.44
RCullis (acentric) 0.56 0.49 0.61
FOMe before/after solvent flipping (to 2.5 A˚) 0.71 (0.92)
Refinement (CNS)
Resolution range (A˚) 47.0–2.5
Number of unique reflections 70,381
Rwork (Rfree)f 22.9 (27.9)
Rmsdg bonds (A˚) 0.0084
Rmsdg angles () 1.42
Quality of Ramachandran plot
Residues in most favored regions (%) 87.3
Residues in additional allowed regions (%) 12.1
Residues in generously allowed regions (%) 0.6
a Unmerged and b merged Bijvoet pairs.
c Values in parentheses correspond to the highest resolution shell: (2.90–2.80 A˚) and (2.59–2.50 A˚) for MAD and high-resolution data sets,
respectively.
d Rsym  	|I 
 Iav|/	I, where the summation is over all symmetry-equivalent reflections.
e FOM, figure of merit.
f Rfree calculated on 5% of data excluded from refinement.
g Rmsd, root-mean-square deviation.
expected for protein-protein contact surfaces [29], and asymmetric, with 8 residues being contributed by one
monomer (Tyr183A, Ile215A, Pro217A, Met218A, Ala219A,associates with its counterpart on the C-terminal domain
of another molecule, resulting in a dimer of head-to-tail Leu225A, Val229A, and Ile233A), and only 3 residues from
the other (Ala118F, Phe236F, and Val239F). The carbonylpacked monomers related by 2-fold noncrystallographic
symmetry (Figure 1B). Two symmetrically disposed de- group of Phe236A,F is also involved in a buried hydrogen
bond with the hydroxyl group of Tyr183F,A. In addition, apressions occur on the surface of the C-terminal do-
mains in the vicinity of each knotted region. The eight number of polar side chains involved in hydrogen bonds
participate in the dimer interface: Glu198A-Arg114F,molecules in the asymmetric unit form four equivalent
dimers, AF, BG, CH, and DE (none formed through crys- Ser224A-Arg114F, and Ser223A-Asp117F.
The residues most critical for dimerization were identi-tallographic symmetry) arranged along an approximate
4-fold axis parallel to the b axis (see Supplementary fied by analyzing the loss of residue surface accessibility
upon dimer formation. Two aromatic residues inside theFigure S1 available with this article online). In the subse-
quent description, we will refer to the dimer formed by central hydrophobic core, Tyr183 and Phe236, lose 79 A˚2
and 95 A˚2 of accessible surface area, respectively.monomers A and F.
While the surface area of the C-terminal domain from Among the polar residues, the conserved arginines
Arg114 and Arg240 contribute the most to formation ofan RlmB monomer is approximately 8000 A˚2, the buried
surface area of the dimer is more than 2000 A˚2 (1000 A˚2 the dimer interface, losing 105 and 89 A˚2 of accessible
surface area, respectively. Arg114 forms a conservedfrom each monomer), involving about 30 residues from
each molecule. Such a large protein-protein interface is salt bridge with Glu198 from the other molecule, while
Arg240 bends backward toward its own backbone andsimilar to the interacting surfaces observed in antigen/
antibody and protease/protease inhibitor complexes forms a salt bridge with Glu237 from the same monomer,
exposing the aliphatic portion of its side chain on the[29, 30]. This interface is made predominantly by the
helix E and the knotted loop between 6 and E, which monomer surface.
pack against their counterparts from the other molecule.
A small contribution also comes from helix A. The two Intrinsic Flexibility of RlmB
The presence of eight independent molecules in thehelices E form a two-helix bundle, such that their hy-
drophobic surfaces, consisting of Val229, Ile233, Phe236, asymmetric unit of RlmB crystals provides an opportu-
nity to evaluate the intrinsic flexibility of the molecule.and the aliphatic part of Arg240, face each other. In
the center of the interface, two symmetric hydrophobic Pairwise superposition of the six molecules for which
the entire chain was modeled (A, B, C, D, F, and H)patches are organized around the side chain of
Phe236A,F. Inside each cluster the residue distribution is gave root-mean-square (rms) deviations in the range of
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Figure 1. Fold of E. coli RlmB
(A) Stereo ribbon representation of the RlmB
monomer. The N-terminal domain is in blue
shades and the C-terminal domain is in red
shades, with the knot region shown in green.
(B) Ribbon representation of the RlmB dimer.
The molecules A and F are shown in blue and
red, respectively. The figure was prepared
with the programs Molscript [50] and Rast-
er3D [51].
0.49–2.40 A˚, indicating significant differences between states of the RlmB monomer, respectively. The confor-
mations of the remaining molecules cluster near thesesome of the molecules. Independent pairwise superpo-
sition of only the N- or C-terminal domains led to a much two states, with molecules A, C, and F in a closed confor-
mation similar to molecule H, while molecule B is inbetter agreement, with the rms deviations in the range
of 0.39–0.73 A˚ and 0.46–0.90 A˚, respectively. Therefore, an open state like molecule D. Molecule B displays a
secondary rotation of 18 around Val96 as a pivot, per-we conclude that the large rms deviations for the entire
molecules originate from differences in the relative ori- pendicular rather then tangential to the C-terminal do-
main, leading to a wider cleft in comparison to mole-entations of the two domains between independent mol-
ecules (Figure 4A). The C-terminal domain of each mole- cule D.
The only significant differences within the C-terminalcule is involved in dimer formation and shows low
thermal motions, with the B factor varying in a rather domain are observed for the knotted loop between 6
and E, which adopts two different conformations (Fig-narrow range: Baverage  41 A˚2, Bmin  34 A˚2 (molecule F),
and Bmax  49 A˚2 (molecule B). The N-terminal domains ure 4B). The comparison of different domains shows
that the conformation of this loop is affected by contactsare much more mobile, displaying both a higher average
temperature factor (75 A˚2 ) and a larger variation between with the nearby N-terminal domain of the second mole-
cule in the dimer. In the most frequently observed con-the molecules, Bmin  62 A˚2 (molecule D) and Bmax 
91 A˚2 (molecule F). In molecules E and G, this domain formation (molecules A, B, C, D, and F), Ser223 points
toward the center of the loop (average φ  
57,  was very poorly defined in the electron density and was
not modeled, indicating even larger motions. However, 142). In molecules E, G, and H, Ser223 is flipped out
of the loop, passing from a  to an R conformationthese thermal motions do not influence dimer formation
since, except for the orientation of the N-terminal do- (average φ  
78,   
29), while Ser221 at the tip
of this loop shifts by 5 A˚. Asp117, located under themains, the four dimers are equivalent.
The largest differences in the orientation of the knotted loop in the opposite protomer, plays a pivotal
role in this conformational change. Indeed, this asparticN-terminal domain are observed between molecules D
and H and correspond to a rotation of 25 around residue acid contributes to the stabilization of both conforma-
tions, forming hydrogen bonds with either the hydroxylGln103. Consequently, the tips of their N-terminal do-
mains are shifted by 15 A˚. A clear gap is visible be- group of Ser223 or with the main chain of Ser221 and/
or Val222 (Figure 4B). The conformation with Ser223tween the N- and C-terminal domains in molecule D,
while both domains are closer together in molecule H. flipped out, observed in molecules E, G, and H, is
brought about by the presence of a bulky residue aboveWe will refer to these conformations as open and closed
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tures. The first observations of knots in proteins were
in the carbonic anhydrase CAB from Neisseria gonor-
rhoeae (Protein Data Bank ID code 1KOP) and in E.
coli S-adenosyl-methionine synthetase MAT (1FUG). In
these proteins, loose knots are formed by a few residues
at the protein terminus which enter a wide loop [32]. A
new computer algorithm designed to detect knots in
open chains [28] recently identified two other proteins
containing knots, a viral core protein (2BTV) and the
acetohydroxy acid isomeroreductase AAI (1YVE). The
latter protein is rather unusual [33], in that it possesses
a deep knot. It has been proposed that such knots arise
by swapping of secondary structure elements between
duplicated domains [28].
The knot in the RlmB C-terminal domain is a new
example of the occurrence of a deep knot in proteins.
This knot has a simple trefoil topology, similar to the
knots identified in CAB and MAT, and is left handed.
However, the segment that threads through the loop
Figure 2. Comparison of the Topologies of RlmB and the Consensus
between strands 4 and 5 is longer than in the twoAdoMet-Dependent Methyltransferase Fold
other examples, having 29 residues folded in a well-(A) Topology diagram of the consensus methyltransferase fold pre-
structured loop and a 4 1/2-turn  helix (Figures 1A andpared with the program TOP [52].
3). Furthermore, the bridging loop is rather narrow, with(B) Topology of RlmB. The secondary structure elements common
to both are colored in gray. The  strands are shown as triangles, no more than a 5 A˚ opening between the threading
 helices as large circles, and 3/10 helices as smaller circles. The strand 6 and the surrounding loop. Contrary to that
secondary structures are labeled as much as possible according to found in acetohydroxy acid isomeroreductase, there is
the consensus methyltransferase fold nomenclature [21].
no domain duplication that could explain the formation
of the knot in RlmB. As was initially suggested [32], the
the knotted loop coming from the N-terminal domain of most likely explanation is that such a knot forms when
the other protomer. This residue is His9D, Glu16B, and the unfolded polypeptide chain is trapped during
Arg17C for molecules E, G, and H, respectively. In the folding.
most radical case, His9D takes the place of Ser223E in- Although the detailed role of this rare structural feature
side the 6/E loop, forming hydrogen bonds between is not yet clear, its functional importance is without
His9NE2(D) and the carbonyl O atoms of Gly220E and doubt. The knotted region encompasses the conserved
Val222E. motifs II and III predicted to be the AdoMet binding site
[23]; all the secondary structure elements comprising
Discussion the knot, that is, 4, 5, D, 6, and E, are well con-
served and in particular the hydrophobic residues, form-
RlmB Contains a Deep Knot ing the hydrophobic core that assures the structural
Although numerical simulations have indicated that long integrity of the knotted region, are highly conserved
polymer chains collapsing randomly into a globular (Ile172-V173, A192-M195, M202, L205, L213-I214, and
structure are almost always knotted [31], the presence M218). The knotted region plays a key role in dimer
of knots in proteins was long considered rather unlikely. formation, which clusters motif I of one monomer with
With the exception of knots formed by posttranslational motifs II and III of the other monomer into a putative
crosslinking, such as a disulfide bridge or metal center, active site.
few such cases have been observed in protein struc-
The Catalytic Domain of RlmB Is Divergent
from the Consensus Methyltransferase Fold
A search performed using the program DALI [34] has
found 345 proteins with structural similarity to the RlmB
C-terminal domain (161 residues). The topological simi-
larity extends only to the first 86 residues of this domain.
Although no particular function predominates among
these proteins, all feature a Rossmann fold or variations
thereof. Surprisingly, few methyltransferases appear in
this list, all with low Z scores: the cathecol-O-methyl-
transferase (1VID; Z score 2.9, rmsd 3.7 A˚, 97 aligned
C atoms), the chemotaxis receptor methyltransferase
CheR (1AF7; 2.4, 3.2 A˚, 88), and the mRNA methyltrans-Figure 3. The Solvent-Flipped MAD Electron Density Map of the
ferase VP39 (1AV6; 2.0, 3.4 A˚, 89).Knot Region at 2.5 A˚ Resolution and Contoured at the 2 Level
Inspection of the RlmB topology reveals significantThe C trace of the protein is shown in black. The figure was pre-
pared with the program O [47]. differences from the consensus AdoMet-dependent
Structure
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Figure 4. Intrinsic Flexibility of RlmB Mole-
cules
(A) Superposition of the six complete RlmB
molecules based on their C-terminal do-
mains, highlighting the different conformation
of the N-terminal domain. The molecules A,
B, C, D, F, and H are shown as blue, green,
magenta, red, yellow, and orange coils, re-
spectively.
(B) Two conformations of the knotted loop in
molecules B and E with key residues from
neighboring molecules. Molecule B is orange,
E is dark blue, D is cyan, and G is yellow.
Crucial residues are shown as balls and
sticks.
methyltransferase fold defined within SCOP (Figures 2A between 3 and C, which recognizes the amino group
of adenine (Figure 2A) [18, 21].and 2B) [18, 21, 35]. While both folds share the same
topology for the N-terminal half of the catalytic domain, None of the AdoMet binding sequence fingerprints
are found in the SpoU family (Figure 7). To establish athey differ substantially in their C-terminal half. First,
the positions of 4 and 5 are reversed in RlmB, in putative structural resemblance to the canonical Ado-
Met binding site despite the lack of sequence similarity,comparison to the consensus methyltransferase fold.
Although these two strands maintain roughly equivalent RlmB was compared to FtsJ, chosen as representative
of the classic methyltransferases with the same 2O-positions in both folds, their connections to C and D
are also different (Figures 2A and 2B). The  hairpin 6- methyltransferase activity and the same substrate, 23S
rRNA [15]. Superposition of RlmB and FtsJ (1EIZ; 2.1,7, typical for the consensus methyltransferase fold, is
replaced in RlmB by the knotted region. This knot is 4.1 A˚, 84) shows that neither the acidic residue in strand
2 nor the polar amino acid in loop 3/C is present inabsent in all structurally similar enzymes identified by
the program DALI. Although the RlmB fold can be de- RlmB (Figure 5). Indeed, strand 2 of RlmB ends with
Pro127 and is linked to helix B through an irregularrived from the canonical Rossmann fold by transposing
two strands, the connection observed in RlmB results turn, consisting of Lys128-Asp129-Arg130. The lysine
and aspartate side chains extend toward the solvent,in an extremely rare feature in protein architecture—a
deep knot—and defines a structurally distinct and new while Arg130 assumes a position equivalent to the con-
served acidic residue (Asp83 in FtsJ). However, its sidefold.
Previous comparative analysis of structures and se- chain forms salt bridges with Asp101 (loop 1/A) and
Glu200 (loop 5/D), blocking the potential AdoMetquences of AdoMet-dependent methyltransferases has
led to the delineation of several conserved sequence binding site (Figure 5). In addition, the polar residue
(Asp99 in FtsJ) involved in the recognition of adeninepatterns that define the structural context of the AdoMet
binding site. These conserved patterns are mostly lo- has no equivalent in RlmB, due to a much shorter loop
between 3 and C (Figure 5).cated in the carboxyl ends of strands 1 and 4 [21].
The only residues common to all AdoMet binding sites The residues strictly conserved in the SpoU family
(Figure 7) are found in a structural context different fromanalyzed so far (except cobalt-precorrin-4-methyltrans-
ferase [22]) include an acidic residue at the C-terminal that of the classic methyltransferases. Although they are
scattered along the linear sequence (Asn108; Arg114;end of strand 2, which forms a bifurcated hydrogen
bond with the ribose hydroxyl groups, and a polar resi- Glu198, Ser224, and Asn226), they cluster in the knotted
region. In this cluster, Arg114 is contributed by the otherdue (aspartate, glutamate, or asparagine) in the loop
The Structure of rRNA Methyltransferase RlmB
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Figure 5. Superposition of the FtsJ AdoMet Binding Domain with the Equivalent Region of RlmB
RlmB (protomer A) is shown in orange and FtsJ (PDB code 1EIZ) in cyan. The S-adenosyl-methionine bound to FtsJ and the crucial residues
in FtsJ and RlmB are shown as balls and sticks. In FtsJ, the AdoMet, Asp83, and Asp99 are colored blue. The strictly conserved residues in
the RlmB family are colored red. The conserved residue Arg114, originating from the RlmB protomer F, is colored green. The residue structurally
equivalent to Asp83 in RlmB, Arg130, is colored magenta.
monomer, stressing the importance of dimerization for The closest structural homologs found by DALI are two
proteins from the large subunit of the ribosome: L7/L12the formation of this conserved site (Figures 5 and 8).
This clustering occurs in a topologically different loca- from H. marimortui (1FFKE; Z  6.4, rmsd  2.5 A˚, 73
aligned C atoms) and L30 from S. cerevisiae (1CK9; Ztion from that in the consensus methyltransferase fold.
The functional importance of Glu198 was recently dem- 6.4, rmsd  2.8 A˚, 73 aligned C atoms). The ribosomal
protein L7/L12 forms a two-domain dimer. The N-ter-onstrated through a mutation of the equivalent Glu358 in
the yeast 21S rRNA G2270 2O-methyltransferase Pet56. minal domain participates in dimerization, while the
C-terminal domain, which is homologous to the N-ter-Indeed, mutation of Glu358 into a glycine abolished
methyltransferase activity (T.L. Mason, personal com- minal domain of RlmB, binds translation factors [36]
and also interacts with 23S rRNA [37]. In contrast, themunication). Taken together, these features indicate
clearly that RlmB displays a novel AdoMet binding site ribosomal protein L30 consists of a single 104 residue
domain, indicating that this fold is functional on its own.located in the divergent C-terminal half of the catalytic
domain. L30 not only recognizes domain II of the 23S rRNA [37]
but also autoregulates its own expression by binding toWe can speculate on the evolutionary origins of this
fold. It is most likely derived from an ancestral Rossmann the helix-loop-helix motif within its own mRNA [38].
The solution structure of L30 complexed to a fragmentfold, like the more common methyltransferase fold. A
transposition of two strands occurred at least once dur- of its pre-mRNA revealed the mode of protein-RNA inter-
action [38]. L30 recognizes the RNA essentially throughing evolution of the methyltransferase fold, as shown
by the structures of isoaspartyl methyltransferase [19], three loops, with minor contributions from one edge
of the  sheet and a part of helix 1. Three residueswhere the strands 6 and 7 are reversed in the se-
quence, or arginine methyltransferase [20], where the  conserved in the L30 family, Gly26, Lys28, and Arg52,
are crucial for RNA recognition. The glycine is particu-hairpin 6-7 is suppressed, but these events did not
alter the consensus AdoMet binding site [19, 20]. How- larly important to the RNA-protein interactions by
allowing a close approach of the RNA. The 2 basic resi-ever, the structural requirements for such an AdoMet
binding site are lacking in the RlmB fold. Indeed, the dues form hydrogen bonds with bases of the mRNA.
Moreover, the formation of a complex stabilizes bothlocation of a novel AdoMet binding site in RlmB within
the knot region not present in the consensus methyl- RNA and protein loops, emphasizing the importance of
mutually induced fit in RNA-protein interactions. Thistransferase fold argues for a parallel evolution of these
two methyltransferases from the ancestral Rossmann plasticity is viewed as essential for the ability of L30 to
bind to both the ribosomal RNA and its own mRNAfold.
[38]. In other families of RNA binding proteins, such
conformational flexibility is also observed and is inti-The N-Terminal Domain of RlmB Is an rRNA
Recognition Domain mately connected to biological function [39].
Superposition of L30 and the N-terminal domain ofThe 77 residue N-terminal domain of RlmB displays a
fold that has been found in several RNA binding proteins. RlmB (Figure 6A) shows that the L30 RNA binding loops
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Figure 6. Putative rRNA Recognition Mode
by the N-Terminal Domain
(A) Superposition of the N-terminal domain
of RlmB and ribosomal protein L30. RlmB is
shown in orange and L30 in cyan.
(B) Surface of the RlmB dimer BG, with the
mRNA model based on the superposition of
the N-terminal domain of monomer B and the
L30-mRNA complex. The strictly conserved
residues in the SpoU family (Asn108G,
Arg114B, Glu198G, Ser224G, and Asn226G) and
the highly conserved residues in the N-ter-
minal domain (His9B and Gln68B) are shown
in magenta. The figure was prepared with the
program Grasp [53].
correspond to the loops between A and 1, B and to bind 23S rRNA. The mobility and flexibility of this
domain, highlighted by high B factors and disorder, sug-2, and 3 and D in RlmB. The 3 conserved residues
in the L30 family important for RNA binding have their gest that an induced fit is likely to occur upon binding
of RlmB to 23S rRNA. The RNA model is positionedcounterparts in Gly7, His9, and Arg35 of RlmB. Gly7 is
absolutely conserved in the RlmB subfamily, while side between the inner face of the N-terminal domain and
the knotted region of the opposite protomer (Figure 6B),chains with hydrogen-bonding potential are preserved
at position 9 (histidine or asparagine) and 35 (arginine, near the cluster of highly conserved residues, therefore
providing additional support for the proposed locationlysine, asparagine, glutamine, and serine) (Figure 7). The
striking structural similarity with the ribosomal proteins of the active site. Since the orientation of the N-terminal
domain influences the conformation of the loop betweenL30 and L7/L12, as well as the conservation of crucial
residues, strongly suggests that the N-terminal domain 6 and E on the other protomer, the recognition of 23S
rRNA by the N-terminal domain is likely to involve aof RlmB functions as a recognition domain for 23S rRNA.
Despite the lack of recognizable sequence similarity be- rearrangement in the knotted region of the C-terminal
domain.tween the N-terminal domain of RlmB and the ribosomal
proteins, the RlmB family has likely arisen by recruitment In the structure of the large ribosomal subunit [37],
guanosine 2251 is located at the tip of a single RNA loop.of an RNA recognition domain of ribosomal L7/L30 pro-
tein by an ancestral methyltransferase. Because the hydroxyl O2 of G2251 extends outside this
loop, this group should be fully accessible to methylTo investigate the feasibility of the interactions of the
N-terminal domain with the RNA, we superimposed the transfer at the early stages of ribosome assembly. Con-
sidering the size and the accessibility of the G2251 loop,complex of L30 with a bound mRNA fragment onto dif-
ferent RlmB dimers. The RNA is positioned in a wide if conformational changes occur in RlmB upon 23S rRNA
binding, they should be within the range of those ob-cleft between the N-terminal domain of one protomer
and the catalytic domain of the other protomer. Only in served in the present crystal structure.
the dimers where the N-terminal domain is in the open
state relative the C-terminal domain (molecules B and RlmB Belongs to a Large Family of 2O-
Methyltransferases with a Novel AdoMet Binding SiteD) are there no major steric clashes between the RlmB
dimer and the RNA, which suggests that this is the RNA A search for sequence homologs of RlmB using BLAST
[40] identified 119 such sequences. Among these pro-binding-competent conformation of RlmB. Thus, the
conformational flexibility of the N-terminal domain teins, only more stringent versions of the three con-
served patterns previously identified [23] are strictlyseems to be intimately involved in the ability of RlmB
The Structure of rRNA Methyltransferase RlmB
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Figure 7. Sequence Alignment of the RlmB Subfamily
The first line shows the secondary structure elements of RlmB. Sequence alignment of E. coli RlmB (GenBank accession number AAA97076,
residues 1–243), Haemophilus influenza RlmB (AAC22519, 1–245), Pseudomonas aeruginosa TrmH (AAG08321, 10–247), Xylella fastidiosa
TrmH (AAF84787, 5–247), Vibrio cholerae TrmH (AAF95739, 3–247), Neisseria meningitis TrmH (AAF41338, 7–250), Clostridium acetobutylicum
YacO (AAK81091, 8–252), Staphylococcus aureus YacO (AAK15305, 5–248), and Saccharomyces cerevisiae Pet56 (Swiss-Prot P25270, residues
124–212, 239–331, 344–381, and 392–412). The dots represent gaps introduced to improve the alignment. The xx in the Pet56 sequence
represents large insertions in comparison to E. coli RlmB. Identical residues are boxed in gray. Residues that are highly conserved are shown
in gray on a white box. The figure was prepared with ESPript [54].
conserved, namely N108-X-G110-(X)3-R114, G196-X- (yeasts), plants (e.g., Arabidopsis thaliana), inverte-
brates (e.g., C. elegans), insects (e.g., D. melanogaster),E198-(X)2-G201, and S224-X-N226, all within the C-ter-
minal domain of RlmB. All proteins of known function and mammals (Homo sapiens). Of these 119 sequences,
45 also contain a homolog of the N-terminal domain ofin this family are 2O-methyltransferases. They include
the 23S rRNA (Gm2251) methyltransferase, E. coli RlmB RlmB and define the RlmB subfamily. The presence of
a similar target recognition domain suggests that this[7], S. cerevisiae pET56 [6], the tRNA (Gm18) methyl-
transferase E. coli SpoU [24], S. cerevisiae Trm3 [41], family encompasses only rRNA/tRNA 2O-methyltrans-
ferases. A selection of representative sequences be-and two Streptomyces 2O-methyltransferases involved
in thiostrepton resistance [11]. Since no universal sub- longing to the RlmB subfamily is presented in Figure 7.
Analysis of sequence conservation patterns within thestrate recognition domain is preserved, the entire family
should cover a wide range of substrate specificities. The RlmB subfamily is very informative. Approximately 80%
of all conserved residues are located within the C-ter-SpoU family of methyltransferases has representatives
from all kingdoms of life, including archaebacteria (e.g., minal domain. These residues cluster around the dimer
interface, in the center of the groove, and in the knotArchaeglobus fulgidus), eubacteria, and eukaryotes
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Figure 8. Stereo View of the Ribbon Representation of the Putative Active Site of RlmB Located at the Dimer Interface
Molecule A is shown in light gray and molecule F in dark gray. Strictly conserved residues are shown as balls and sticks, with nitrogen atoms
in black, oxygens in gray, and carbons in light or dark gray.
region. A large proportion of these residues seem to The precise role of each conserved residue is difficult
to establish at the present time. However, by analogyplay predominantly structural roles: hydrophobic resi-
dues located in the core of each domain or in the dimeric to the classic AdoMet binding site [18], Glu198 could
bind the ribose moiety, although this interaction wouldinterface, glycines, and prolines, allowing sharp changes
in the direction of the polypeptide chain (Figure 7). disrupt the hydrogen bond with Arg114. By their polar
nature, Asn108, Arg114, Ser224, and Asn226 could alsoResidues involved in catalysis and AdoMet binding
are most likely those corresponding to motifs I, II, and participate in the recognition of either the adenine ring
or the -amino and -carboxyl group of the methionine.III, as they are strictly conserved in the entire SpoU
family. The importance of Glu198 within motif II has The localization of the conserved N-terminal residues
His9 and Gln68 nearby strongly supports their functionbeen already indirectly confirmed (T.L. Mason, personal
communication; see above). Although separated in the in RNA recognition.
The most likely catalytic mechanism is a base-linear sequence, the functional groups of these con-
served residues cluster, due to dimer formation, within assisted deprotonation of the hydroxyl group, which in
turn performs a nucleophilic attack on the cofactora 5 A˚ radius in the knot region (Figure 8). Motif II, G196-
X-E198-(X)2-G201, constitutes the loop between 5 and methyl group, facilitated by the positive charge of the
AdoMet sulfur atom. For 2O-methyltransferases, it wasD that overhangs the knotted loop between 6 and E
containing Ser224 and Asn226 from motif III. Motif I proposed based on the structure of a ternary complex
of VP39 with S-adenosyl-homocysteine, and a 5m7G-combines with its counterpart from the other protomer,
with Asn108 of one protomer being close to Arg114 of capped RNA hexamer, that Lys175 deprotonates the
target hydroxyl [42]. The subsequent structural compari-the other protomer. In the AF dimer, Arg114F is hydrogen
bonded to both Glu198A and Ser224A. A second layer son of the viral cap 2O-methyltransferases, Vp39 [14]
and reovirus 2 MTase I [43], and the 23S rRNA 2O-of highly, but not strictly conserved residues, Asp105A,
His107A, Ser228A, and Lys140F, is located in the groove methyltransferase FtsJ [15], combined with alignment
of related sequences, identified a structurally conservedand surrounds these three motifs.
The conserved patterns in the N-terminal domain, K-D-K-E tetrad proposed to be crucial for catalysis [44].
This catalytic tetrad has no equivalent in RlmB, furtherGly7-X-His/Asn9 and His67-Gln68-Gly69, are both lo-
cated on the inner face of the domain, with His31 and confirming that the SpoU family differs from the classic
2O-methyltransferases. In small molecule O-methyl-Gln90 pointing toward motifs I, II, and III of the C-terminal
domain of the other protomer. Therefore, consistent with transferases, the catalysis is either assisted by a magne-
sium ion, as in cathecol-O-methyltransferase [16] or pro-the position of modeled RNA, the active and AdoMet
binding sites appear formed by three segments that moted by a conserved histidine, which was recently
showed to be the catalytic base in chalcone and isofla-include the knotted region (protomer A), the zone con-
taining Arg114 and Lys140 (protomer F), and the N-ter- vone O-methyltransferases [17]. Even though the gen-
eral mechanism is likely to be similar in RlmB, no histi-minal recognition domain (protomer F). This clustering of
conserved residues, originating from the two protomers, dine or lysine is strictly conserved in the SpoU family.
Although well preserved, Asp105, His107, Lys140, andstrongly supports the essential role of dimerization in
the function of RlmB. Since the residues of the dimeric Ser228 are not strictly conserved in the entire family
and more likely play a role in AdoMet binding or RNAinterface are well preserved, we rationalize that this ac-
tive site topology is common to the entire SpoU family. recognition, rather than catalysis. Based on their strict
The Structure of rRNA Methyltransferase RlmB
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production of unlabeled protein, bacterial cultures were grown inconservation, location, and the chemical reactivity of
LB medium, whereas for selenomethionine-labeled protein, cellsthe side chain, the best candidates for the base are
were cultured in LeMaster’s medium [27]. An overnight culture (100either Glu198 or Ser 224, with Arg114 being less likely
ml) was used to inoculate 1 L of medium and was grown at 37 for
considering its high predicted pKa (12). Although the 2 hr; IPTG was then added to a final concentration of 100 M and
cocrystallization experiments designed to identify the the culture continued for 18 hr at room temperature (20C) prior to
harvesting.AdoMet binding site were not convincing, the strongest
Cells were harvested by centrifugation (4000  g, 4C, 20 min)unassigned electron density feature is located in the
and resuspended in 40 ml lysis buffer (20 mM Tris-HCl [pH 8.0], 1 Mproximity of these residues.
NaCl, 10 mM imidazole, 5% [w/v] glycerol) and CompleteTM protease
inhibitor cocktail (Roche Diagnostics). Cells were disrupted by son-
ication and the lysate was cleared by centrifugation (100,000  g,Biological Implications
4C, 30 min). The protein supernatant was passed through a DEAE-
Sepharose column (Amersham-Pharmacia; 5 ml bed volume) equili-Maturation of the functional ribosome involves posttran-
brated with lysis buffer and the flowthrough was mixed with 5 mlscriptional modification of several conserved nucleo-
Ni-NTA-Sepharose (Qiagen) equilibrated with lysis buffer and incu-
tides in rRNA. Among the 19 posttranscriptional modifi- bated for 60 min at room temperature. The resin was then poured
cations identified in Escherichia coli 23S rRNA, three are into a column and washed with 50 ml of buffer consisting of 20 mM
Tris-HCl (pH 8.0), 1 M NaCl, 25 mM imidazole, 5% (w/v) glycerol.ribose methylations at the highly conserved positions
His-tagged RlmB was eluted by increasing the imidazole concentra-guanosine 2251, cytosine 2498, and uridine 2552 in the
tion to 150 mM. The protein was concentrated by ultrafiltration topeptidyltransferase region of domain IV. Using S-adeno-
7.5 mg/ml and the buffer changed to 20 mM Tris-HCl (pH 8.5), 500syl-L-methionine (AdoMet) as a cofactor, the protein
mM NaCl, 5% (w/v) glycerol, 5 mM DTT. Selenomethionine-labeled
RlmB catalyzes the methylation of the ribose moiety of protein was purified similarly to unlabeled protein. Attempts to re-
G2251, which is involved in peptidyl-tRNA recognition. move the His8 tag using thrombin were unsuccessful. To evaluate
the oligomeric state of this protein, dynamic light-scattering (DLS)RlmB belongs to the SpoU family, which was recently
measurements were done on a solution of RlmB concentrated at 6predicted to form, together with three other families, a
mg/ml and at high ionic strength (20 mM Tris-HCl [pH 8.5], 1 Mnew class of methyltransferases (SPOUT) distinct from
NaCl, 5% glycerol, 5 mM DTT). The measurements were performedthe classic AdoMet-dependent methyltransferases.
using a DynaPro 801 instrument (Protein Solutions). To confirm
The crystal structure of E. coli RlmB has been deter- these DLS results, gel filtration analysis was also performed using
mined to 2.5 A˚ resolution. RlmB consists of an N-terminal a Superdex 75 column (Amersham-Pharmacia), calibrated with the
reference protein mixture recommended by Amersham-Pharmacia.domain connected by an extended linker to a catalytic
The RlmB sample (12 mg/ml) was injected and eluted in the sameC-terminal domain and forms a dimer in solution through
buffer (20 mM Tris-HCl [pH 8.5], 500 mM NaCl, 5% [w/v] glycerol,interactions involving only the C-terminal domain. The
5 mM DTT).model contains four dimers in the asymmetric unit, each
having a somewhat different orientation of the N-ter-
Crystallization of RlmB
minal domain, revealing the intrinsic flexibility of this Initial crystals were obtained by sparse matrix screening (Hampton
2O-methyltransferase. Structural comparison reveals a Research) by hanging drop vapor diffusion. The best crystals grew
at 21C from droplets containing 2 l protein solution and 2 lstriking similarity between the N-terminal domain and
reservoir solution (15% v/v PEG400, 50 mM Tris-HCl [pH 7.5], 440ribosomal proteins L7 and L30. Moreover, residues im-
mM ammonium acetate) and reached their maximal size after 5portant for RNA binding in protein L30 are structurally
days. Under these conditions, the volume of the droplets increasesconserved in RlmB, suggesting that this domain func-
progressively, indicating that crystal nucleation occurs through dilu-
tions in recognition of 23S rRNA. The C-terminal domain tion. The crystals are monoclinic, space group P21 with cell dimen-
displays a structurally divergent Rossmann fold, with a sions a  87.5 A˚, b  132.3 A˚, and c  90.7 A˚,   96.4 with eight
molecules in the asymmetric unit. Under similar conditions, crystalsunique knotted region, defining a novel methyltransfer-
were also obtained in the presence of either 10 mM AdoMet or 10ase fold, lacking all the features of the canonical AdoMet
mM HomoCys. The cocrystallizations with AdoMet yielded isomor-binding site. Only 5 residues, Asn108, Arg114, Glu198,
phous crystals. In contrast, the crystals obtained in the presenceSer224, and Asn226, are strictly conserved within the
of HomoCys belong to the space group C2 with cell dimensions
SpoU family. The functional importance of Glu198 was a 90.9 A˚, b 132.5 A˚, and c 87.9 A˚,  96.7with four molecules
recently demonstrated through a mutation of the equiva- in the asymmetric unit.
lent Glu358 in Pet56, which abolished the methyltrans-
Data Collection and Processingferase activity of this homologous yeast protein. Within
Crystals were soaked for 30 s in a cryoprotectant solution (20%a dimer, these conserved residues cluster within the
[v/v] PEG400, 50 mM Tris-HCl [pH 7.5], 440 mM ammonium acetate,region near the knot region, strongly suggesting that
20% [v/v] glycerol, 7.5% [w/v] glucose), picked up in a nylon loop,this is the location of the catalytic and AdoMet binding
transferred to the goniometer head, and kept at 100K in a nitrogen
site. stream. Diffraction data were collected on a Quantum-4 CCD detec-
tor (ADSC) at beamline X8C, NSLS, BNL. Data indexing, merging,
and scaling were performed using the HKL2000 package [45]. DataExperimental Procedures
collection and processing statistics are listed in Table 1.
The multiple anomalous dispersion (MAD) data were collected onCloning, Expression, Purification, Labeling, and DLS
The full-length rlmB gene was amplified by PCR from E. coli strain a Se-Met-labeled RlmB crystal to 2.8 A˚ resolution at inflection, peak,
and hard remote wavelengths around the K absorption edge ofMC1061 genomic DNA using recombinant Taq polymerase (Amer-
sham-Pharmacia). Oligonucleotide primers were obtained from Hu- selenium (Table 1). Of the 64 expected selenium sites, 18 were found
initially using the heavy atom search procedure of CNS [46]. Thiskabel Scientifique Ltd. The rlmB gene was cloned into a modified
pET15b vector (Amersham-Pharmacia), as an N-terminal fusion with partial structure was used to calculate an anomalous difference
Fourier map, defining the location of 12 additional selenium atoms.a His8 tag and a thrombin cleavage site, and transformed into E.
coli strain BL21(DE3). For production of selenomethionine-labeled This procedure was repeated with the new sites and a total of 48
selenium atoms was identified. The phases calculated with this par-protein, expression was performed in E. coli strain DL41 (DE3). For
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tial structure resulted in a figure of merit of 0.72–2.8 A˚ resolution. identification of four new sites of methylation in 23S rRNA. Bio-
chemistry 31, 10825–10834.Using data at higher resolution, the phases were extended to 2.5 A˚
resolution and the electron density was improved by solvent flipping 5. Nissen, P., Hansen, J., Ban, N., Moore, P.B., and Steitz, T.A.
(2000). The structural basis of ribosome activity in peptide bond(47% solvent) with CNS [46], yielding a final figure of merit of 0.91.
The model was built manually with the program O [47] into the synthesis. Science 289, 920–930.
6. Sirum-Connolly, K., and Mason, T.L. (1993). Functional require-solvent-flipped MAD electron density map. A first molecule was
built, and then the model was manually transferred into the equiva- ment of a site-specific ribose methylation in ribosomal RNA.
Science 262, 1886–1889.lent regions of the electron density map. However, it appeared that
the orientation of the N-terminal domain relative to the C-terminal 7. Lo¨vgren, J.M., and Wikstro¨m, P.M. (2001). The rlmB gene is
essential for formation of Gm2251 in 23S rRNA but not for ribo-domain was different in every molecule. Therefore, each domain in
each molecule was individually fitted to the electron density map. some maturation in Escherichia coli. J. Bacteriol. 183, 6957–
6960.The linker between the two domains was then built again for each
molecule. 8. Yu, L., Petros, A.M., Schnuchel, A., Zhong, P., Severin, J.M.,
Walter, K., Holzman, T.F., and Fesik, S.W. (1997). Solution struc-Refinement was performed with CNS [46] using the data set to
ture of an rRNA methyltransferase (ErmAM) that confers macro-2.5 A˚ with the maximum likelihood target function. The program was
lide-lincosamide-streptogramin antibiotic resistance. Nat.set up to automatically compute a crossvalidated a estimate and
Struct. Biol. 4, 483–489.the weighting scheme between the X-ray refinement target and the
9. Ohta, T., and Hasegawa, M. (1993). Analysis of the self-defensegeometric energy function. Corrections for a flat bulk solvent and
gene (fmrO) of a fortimicin A (astromicin) producer, Micromo-for anisotropy in the data were also applied. The a-weighted maps
nospora olivasterospora: comparison with other aminoglyco-obtained from the subsequent refinement models were used for
side-resistance-encoding genes. Gene 127, 63–69.further model building. The first group of water molecules was added
10. Weitnauer, G., Gaisser, S., Trefzer, A., Stockert, S., Westrich,when peaks in the 2Fo
Fc density were 2 and had a stereochem-
L., Quiros, L.M., Mendez, C., Salas, J.A., and Bechthold, A.istry compatible with at least one hydrogen bond with a protein
(2001). An ATP-binding cassette transporter and two rRNAatom or another water molecule. In the final stages, the  cut-off
methyltransferases are involved in resistance to avilamycin inwas reduced to 1.0, and water molecules with a B factor 75 A˚2
the producer organism Streptomyces viridochromogenes Tu57.were removed from the model. The final model for the asymmetric
Antimicrob. Agents Chemother. 45, 690–695.unit refined at 2.5 A˚ has an Rwork of 22.9% and an Rfree of 27.9% and
11. Thompson, J., and Cundliffe, E. (1980). Resistance to thiostrep-consists of 13,776 protein atoms and 177 water molecules. The
ton, siomycin, and sporangiomycin in actinomycetes that pro-stereochemistry of the final structure was evaluated using the PRO-
duce them. J. Bacteriol. 142, 455–461.CHECK program [48]. The structure of RlmB cocrystallized in the
12. Labahn, J., Granzin, J., Schluckebier, G., Robinson, D.P., Jack,presence of AdoMet was determined by rigid body refinement with
W.E., Schildkraut, I., and Saenger, W. (1994). Three-dimensionalCNS [46], using the refined native structure as a starting model. The
structure of the adenine-specific DNA methyltransferase M.Taqstructure of RlmB cocrystallized in the presence of HomoCys was
I in complex with the cofactor S-adenosylmethionine. Proc. Natl.solved by molecular replacement using AMoRe [49], using one RlmB
Acad. Sci. USA 91, 10957–10961.dimer as a search model.
13. Reinisch, K.M., Chen, L., Verdine, G.L., and Lipscomb, W.N.
(1995). The crystal structure of HaeIII methyltransferase cova-Supplementary Material
lently complexed to DNA: an extrahelical cytosine and re-Supplementary Figure S1 showing a stereo view of the ribbon repre-
arranged base pairing. Cell 82, 143–153.sentation of four RlmB dimers in the asymmetric unit can be found
14. Hodel, A.E., Gershon, P.D., and Quiocho, F.A. (1998). Structuralonline at http://images.cellpress.com/supmat/supmatin.htm.
basis for sequence-nonspecific recognition of 5-capped mRNA
by a cap-modifying enzyme. Mol. Cell 1, 443–447.
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